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Multivariate statistical techniques and modern analoguc analysis of the Lake Wangoom pollen record
were used to reeonstruet vegetation change in western Vietoria (Australia) over the last 200,000 years.
Stratigraphically unconstrained correlation coeffieient analysis was used to compare the representation of
pollen taxa throughout the sequence. Ten pollen associations have been determined, from which it is possi-
ble to identily vegetation eommunity types represented in the record. These inelude clements of warm tem-
perate rainlorest not previously suspeeted as having oecurred in the region during the Late Quaternary. A
stratigraphieally unconstrained dissimilarity coeflicient analysis was used to compare pollen speetra in the
scquence. From this, thirteen key pollen assenblages have been identified. Inverse analysis of pollen taxa
was tndertaken to produce pollen associations representing the mosaie of vegetation types present in the
region at the time ol'sediment deposition. Interpretation of the pollen assemblages was assisted using mod-
e analogue analysis.

The record reveals a complex pattern of eyelieal shifts in the composition ol'the vegetation in the region
overlain by long term trends in vegetation composition, Three major and distinet phascs of forest and wood-
land expansion, which chronologically equate to the Holoeene, Last interglacial and latter part of the Penul-
timate Interglacial, have been identified. In addition, an apparently short phase of Eucalyptus and rainforest
expansion oceurred during the Penultimate Glacial period. This is distinguished Itom the other forest phases
by its high representation of a distinetive type of Asteraceae, which is commonly assoeiated with glacial
complexes. Open grassland, heath and herblicld ecommunitics were widespread during the driest glacial phases,
with limited oceurrenees of semi-urid woodland and serub. Dry selerophyll forest, woodland and tem perate
grassland ecommunitics expanded during elimatically intermediate phases. A trend to more open-eanopicd
vegetation in the last ea 50 kyrs may be related to inereased levels of burning, possibly anthropogenic and/or
voleanic in origin.
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THE PRESENT native vegetation ol the Western Vie-
torian voleanic plains is charaeterised by sweeping
grasslands, scattered stands of eucalypt-dominated
woodland and dry selerophyll forest and remnant
patches of Casuarinaceae woodland. Palynological
records from the region indicate that this has not al-
ways been the case, with evidence for short term as
well as long term shifis in the composition and rela-
tive importance of various vegetation types (sce
Kershaw et al. this volume). Even within the reeent
past there is clear evidenee in these records that co-

lonial settlers had a drastic effeet on the regional
vegetation. Sharp deercases in arboreal taxa associ-
ated with inereases in Poaccac provide evidenee for
tree clearance and establishment of open pasture,
whilst the appearance of exotic speeices, such as Pinus,
attest to the establishment and spread of introduced
speeices (D’Costa et al. 1989; Dodson, 1974a; Edney
et al. 1990; Gell et al. 1994; Kershaw et al. this vol-
ume). Going further back in time, Holocene se-
quences indicate that open Excalyprus woodland was
dominant in western Victoria during the middle to
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Fig. 1. Map of the study region showing pre-European regional vegetation (after the Australian Surveying and Land Information Group, 1990), mean annual precipitation (mm/yr) (Parkinson, 1986), the study

site and other sitcs mentioned in the text. (ME) Mount Eccles, (TH) Tower Hill, (LT) Lake Terang, (PM) Pejark Marsh.
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late Holocene, whilst Casuarinaceae dominated com-
munitics were more widespread during the early
Holocene (cg. Crowiey & Kershaw 1994; D’Costa,
et al. 1989; Dodson 1974a; Edney ct al. 1990; Head
1988; Luly 1993). In contrast, trees were sparse dur-
ing the height of the Last Glacial period, with open
semi-arid steppc, herbfield and scrub communitics
dominant (D’Costa et al. 1989; Crowley & Kershaw
1994; Dodson 1979; Edncy ct al. 1990; Harle et al.
1999). Unfortunately, therc are very few pre-
Holoccne records from the region. Of these, the Lake
Wangoom sequence provides the longest and most
continuous late Quaternary record, extending from
the Penultimate intergiacial to the present (Harle et
al. 2002; Harle 1998). Other records from the region
of similar or longer duration are either very discon-
tinuous (Lake Terang, D’Costa & Kershaw 1995) or
do not extend into the Late Pleistocene (Pejark Marsh,
Wagstaff et al. 2001; Kershaw et al. this volume).
The Lake Wangoom record, therefore, is extremely
important to the reconstruction of late Quaternary
environments in western Victoria.

Previous interpretation of the Lake Wangoom
record has been largely based on the reprcsentation
of a limited numbcr of significant taxa, with the fo-
cus on broad-scale vegetation changes in response to
climatc fluctuations as well as on questions of chro-
nology (Edney et al. 1990; Harlc ct al. 1999; Harle
et al. 2002). This paper presents a much more de-
tailed analysis of a 41 m long pollen record from the
site, utilising the full range of dryland palynomorphs
identified. The interprctation of this large dataset is
complicated by uncertainty over the relationships
between pollen spectra and source vegetation as well
as the difficulty in recognising many Australian
palynomorphs beyond generic or even family level.
These uncertainties have implications for the recon-
struction of vegetation communitics. The problem is
exacerbated in long records, such as the Lake
Wangoom sequence, where questions over species
and community extinction become apparent with in-
fluences such as long-term climate change and an-
thropogenic activities, including use of fire.

Two approaches have been adopted in this study
in an attempt to overcome some of the difficulties
associated with interpreting such a complex dataset.
Firstly, multivariate statistical analyses have been
applied to the Lake Wangoom palynostratigraphy,
based on the assumption that policn taxa with fre-
quent co-occurrence in fossil assemblages are more
likely to have bcen associated in life than those that
are not (Harris and Norris 1972). From this analysis,

pollen associations and assemblages were identified,
the former being used to provide evidence of source
vegetation communitics (including those now locally
cxtinct) and the latter to determine the mosaic of
communities making up the regional vegetation. To
enhance these findings, a second approach was also
adopted using modern analogue analysis. This en-
tailed the quantitative identification of closest mod-
ern analogues for each fossil poilen assemblage us-
ing the Southeast Australian Recent Polien Database
developed by Kershaw et al.(1994a) and D’Costa &
Kershaw (1997). The combined results are used to
provide a detailed reconstruction of dryland regional
vegetation in western Victoria over the fast 200,000
years.

SITE LOCATION AND REGIONAL
VEGETATION

Lake Wangoom (142°36” E 38°21S, altitude 100 m
asl) is located on the southern margin of the western
Victorian volcanic plains, 9.5 km from the coast (Fig,
1). 1tis a simple volcanic maar approximately 1200
m in diameter (Ollier 1967) which has been partially
filled by sediment (Edney ct al. 1990). Prior to Euro-
pean settlement in the 1840s, Lake Wangoom had a
water depth of around 8 m (Bonwick 1970). It is cur-
rently drained and is dry in all but the wettest win-
ters.

Regionally, Lake Wangoom is located within a
broad climatic and vegetation gradient trending south-
east 1o northwest (Fig. 1). Variation in the vegeta-
tion is influenced by climate, soils and human im-
pact. Dricr communities generally occur in the west-
ern and north-central areas. Wet forest communities,
largely dominatcd by Eucalyptus, are widespread in
the east and southeast. Temperate rainforest, domi-
nated by Nothofagus cunninghaniii, grows in isolated
patches in the Otway Ranges and the Central High-
lands. Since Europcan settlement in the 1840s (Sayers
1972), the natural vegctation of western Victoria has
been extensively clearcd, mainly for pasture, and
exotic species (eg. Pinus radiata and Cupressus spp.)
have been introduced.

METHODOLOGY

Core collection and sampling
The Lake Wangoom pollen record has been con-
structed from a combination of cores extracted from
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the centre of the site. The majority of the sequence
described is based on a 41.5 m long core (LW87)
collected in 1987 using a Speedstar percussion drill-
ing rig. Unfortunately, the top 1.8 m and sediments
between 8.5 and 11 m were not recovered. These
gaps were filled using samples from a 20.6 m core
(LW84) originally analysed by Edney (1987), and
collected in 1984 using a Gemco drilling rig and a
Livingstone sampler.

The LW87 core was sampled for sediment, pol-
len and charcoat analyses at 20 cm intervals. The top
1.8 m of the LAW84 core was sampled at 10 em inter-
vals and sediments between 8.5 and 11 m at 20 cm
intervals.

Dating

A chronology for the record has been established us-
ing radiocarbon and uranium/thorium discquilibrium
techniques. Sampling, methods and results of the
application of dating to this record are described and
discussed in Harle et al. (2002). Datcs aequired are
shown in Fig, 4.

Sediment analyses

The sediments of the Lake Wangoom 41.5 m core
were analysed for organie, inorganic and carbonate
contents through combustion of oven dried samples
in a muftle furnace at 550 °C and 1000 °C respec-
tively, with the residue after ignition representing
the inorganic and carbonate content.

The magnetic susceptibility of the sediments was
measured using the Bartington Magnetic Suscepti-
bility Meter (Bartington 1983). Susceptibility read-
ings were corrected for magnetie drift, diamagnet-
ism and sample mass. Results are plotted in Fig. 4.

Pollen and ehareoal analyses

Samples (1 em?) were prepared for pollen and char-
coal analyses using the standard methods of potas-
sium hydroxide digestion, hydrofluoric acid treatment
and acetolysis (Faegri & Iverson 1989). The
palynological residues were mounted on microscope
slides in silicon 0il (AK2000) and counted on a BH
Olympus microscope at X600 magnification until a
minimum of 150 pollen grains and spores of taxa
included in the pollen sum was achieved. Based on

Size Class () Possible Species

> 28m Alloeasunarina vertieillata,

Alloeasuarina littoralis,
A. luelmanii,

A. muellerana and
Alloeasnaring nana
Alloeasuarina paludosa,
A.pusilla, Casnarina eristata

<23m Possibly C. eristata?

Table 1, Subdivision of Casuarinaccae pollen (afier of Kershaw,
1970; Dodson, 1974b, 1975)

studies of pollen dispersal in southeast Australia (cg.
Hope 1974; Macphail 1979; Dodson 1982/83, Hill
& Macphail 1985; Kershaw et al. 1994a: D’Costa &
Kershaw 1997), the pollen sum was designed to re-
flect the regional vegetation and consisted of the fol-
lowing taxa: Lagarestraobos, Phyllocladus,
Nothofagus cunninglhamii, Cvathea, Dieksonia, Eu-
ealyptus, Casuarinaceae, Dodouaea, Pomaderris,
Gyrostemonaceac, Astcraceae and Poaceae.

For the majority of taxa, identification was re-
stricted to genus or family level. One speeies of eu-
calypt was tentatively distinguished (Zuealyptns
spathulata type) with the remainder being divided
into Encalvprus spp. and a large Angoplhora like type
(Euealyptus/Augophora). Melalenca was divided into
a general species group (Melalenca spp.) and the
distinctive Melalenca squamea. Adapting the classi-
fications of Kershaw (1970), Dodson (1974b, 1975)
and Edney (1987), three size classes of Casuarinaceac
were separated on measurements of the equatorial
diameter. These are outlined in Table 1. Two tribes
of Asteraccac were recogniscd: Tubuliflorac and
Liguliflorae, The former was subdivided into a type
possessing sharp, generally long echinae (type A) and
a type with short, blunt echinae (type B) (see Edney
1987). The Asteraceae Liguliflorae identified in the
sequence is of the Taravacum-type (sec Head 1984;
Feucr & Tomb 1977; Wodehouse 1935). Taraxacum-
type species occurring in Australia today are the in-
troduced species Taraxaenm officinale, the possibly
native Picris hieracioides var. squarrosa and the
native species Microseris scapigera and Taraxacum
aristam (Hnatiuk 1990). 1n addition to extant main-
land taxa, a number of palynomorphs were identi-
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ficd that are likely to be derived from Tertiary
sediments. These include:  Dacrydinnites,
Cupanieidites orthotheichus, Nothofugus subgenus
Brassospora, and Nothofagus subgenus Fuscaspora-
type

Charcoal was identificd as opaque black or dark
brown particles with irrcgular [rom. It wis counted
using the Point Count Mcthod of Clark (1982).

The pollen data werc expressed as percentages
of the pollen sum using the TILIA pollen statistical
program (Grimm 1991). TILIAGRAPH (Grimm,
1991) was used to construct the pollen diagrams.
Pollen concentrations were calculated against vol-
umec of scdiment and charcoal was expressed as arca
per cubic centimetre as well as a ratio of the pollen
concentration (based on the pollen sum).

To overcome possible dilferences in counting
techniques and taxon identification, samples used
from Edney’s (1987) LW84 pollen record were re-
counted. Unfortunatcly, Edney (1987) used diflerent
methods to those outlined above to determine char-
coal and pollen concentrations and the information
necessary to recalculate these (eg. volumes of sili-
con oil added) was not availablc. Consequently, it
was not possible to fill in the gaps in the charcoal
and pollen conecentration records {rom core LW87
using data from the LW84 core.

Statistical analyses of the Lake Wangoom pollen data
set

Statistical analyses of the dryland taxa were used to
identify dryland vegcetation associations and
assemblages. The analyses werc conducted on a
stratigraphically unconstrained data sct. The aquatic
and ground fern taxa were cxcluded in order to reduce
the impact of local pollen and sporc signals.
Following the rccommendations of Overpeck ct
al. (1985) and Prentice (1980), a correlation
cocfficicnt mcthod was used lor the comparison of
the pollen taxa whilst a dissimilarity cocfficient
approach (using a Manhattan mectric) was used to
compare the pollen spectra of cach of the samples.
The data were pre-processed by adding onc to the
count value and taking the log of the result in order
to eliminate problems associated with 0 valucs as
well as increasing, without overweighting, the
importance of minor taxa. 1t should be noted that the
associations are based on the strongest alliances
rather than all the possible associations, as the

classification techniquc only allows for a single group
allocation of each taxon.

Identification of nearest modern vegetation
analognes

Modcrn analogucs in the Southeast Australian Re-
cent Polien Database (SEAPD) (Kershaw et al.
1994a: D*Costa & Kershaw 1997) were determined
for the Lakec Wangoom pollen asseublages using a
dissimilarity coefficient analysis (Prentice 1980;
Overpeck et al. 1985; Baker ct al. 1989). As with the
analyscs ol the pollen taxa and pollen spectra, the
data were log transformed. The modern analogue
analysis was based on pollen taxa sclected accord-
ing to the following critcria:

1) presence in both the Lake Wangoom record and

the Southeast Australian Recent Pollen Data-

base;

representation greater than or cqual to 10% in

any one sample; and

3) strong association with specific pollen assem-
blages.

The pollen sum used in the SEAPD (D’Costa &
Kershaw 1997) was extended to include Cyatfiea and
Dicksonia, both of which have widely disperscd
spores (Hill & Macphail 1985). Modern sites with
signilicant fTuvial input were excluded from the da-
tabasc as fluvial transported pollen is likely to cre-
ate an over-representation of vegetation communi-
ties growing some distance from the site. Following
the recommendations of Kershaw et al. (1994a), taxa
effectively representing local site communities, such
as the aquatic taxa, most fern spores and taxa with
poor pollen dispersal (eg. Melalenca and Ericaceac)
were omitted. [The family Epacridaceae has recently
been included as Styphelioideae within the Ericaceae
(Kron ct al. 2002)]. This includcd Apiaccae as many
rescarchers had failed to scparate the frequently
aquatic /lydrocotyle genus from this family. Also
excluded were Chenopodiaceae (which is commonly
over-represcnted in saline environments) and taxa
with ambiguous or inconsistent identilication in the
samples contributing to the SEAPD (eg. Apiaceac,
Myoporaccae and Gyrostcmonaccac). Pollen percent-
ages in the database were subsequently recaleulated,
using raw data where available.

In all, the following twenty-onc taxa were se-
lected for the modern analogue analysis: Acacia,
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Fig. 2. Plotofthe dryland pollcn associations against the dryland pollen assemblages derived from the stratigraphically unconstrained multivariate analyses of the occurrences of individual pollen taxa and pollen
spectra in the Lake Wangoom record. Pollen representation is expresscd as percentages of the pollen sum. The graph demonstrates the represcntation of pollen associations in each pollen assemblage. The depths
of the pollen spectramaking up each pollen assemblages are plotted against a horizontal axis. See text for further explanation.
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Acmena, Asteraceae (Tubuliflorae) type A, Asteraceae
(Tubuliflorae) type B, Banksia, Banera, Casuar-
inaceae, Coprosma, Dodonaea, Elacoearpaceace, En-
calyptus, Eucryplia, Exocarpos, Nothofagus
cimninghamii, Phyllocladuns, native Plantago,
Poaceae, Pomadcrris, Cyathea, Dicksonia and
Preridinm.

RESULTS OF THE STATISTICAL AND
MODERN ANALOGUE ANALYSES

Eleven dryland taxon assoeiations and thirteen
dryland pollen assemblages were identified from the
correlation coefticient analysis of all dryland pollen
taxa and the dissimilarity eoeflieient analyses of the
eore speetra. These are plotted against each other in
Fig. 2.

The nearest modern analogue sites and their sur-
rounding vegetation determined for the pollen spec-
tra in each dryland assemblage arc presented in Ta-
ble 2. For location of these sites sce D’Costa and
Kershaw (1997). The statistical distanees between
the pollen speetra in these assemblages and the iden-
tificd modern analogue sites are given in Fig. 3 ae-
cording to both sample group and depth. These pro-
vide a measure of the dissimilarity between the ana-
logue and the fossil pollen speetra - thus the smaller
the distanee, the closer the mateh.

Dryland pollen assaciations

Dryland pollcn association I: This assoeiation is
ecomposed prineipally of taxa that have been identi-
fied as Tertiary. Araucariaccae, Nothofagus subgenus
Brassospora, Cnpanieidites and Podoearpaceac are
eommon in Tertiary sediments from southeast Aus-
tralia (Cookson 1957; Cookson & Pike 1953,1954;
Dettmann et al. 1990; Hekel 1972: Stover & Par-
tridge 1973). The inelusion of Podoearpaeeac,
Proteaccac and Apiaccac at first appears incongru-
ous. However, all these families have fossil forms in
the Tertiary flora: Podacarpus - Padocarpidites
(Cookson 1947; Hekel 1972) and Parvisaccites
(Stover & Partridge 1973); Proteaceace - Proteacidites
(Cookson 1950); and there are many Tertiary
trieolporate pollen grains which are similar to mod-
ern Apiaceae (eg. Santalumidiics cainozoicus in
Cookson and Pike 1954, Fig. 68, 69, Plate 2).

Diyland pallen association 11: Pinus and speeies of

Asteraceae (Liguliflorae) were introdueed to Aus-
tralia by Europeans. This association appears, there-
fore, to be determined by the presence of exotie taxa,
although there are native species of Asteraceac
(Liguliflorae) speeies also represented.

Dryland pollen association 11: All of the taxa rep-
resented in this assoeiation are native or inelude na-
tive speeies. Potential source plants are predomi-
nantly herbaeeous, cxeept for Banksia {a small tree
or shrub) and Muchlenbeckia (a shrub or vine).
Banksia, Aspcrnla and Caryophyllaceae are wide-
spread through a range of habitats and elimates
{Costermans 1989; Hnatiuk 1990; Robinson 1997;
Walsh & Entwisle 1996). Urfica is also found in a
range of vegetation eommunities within the cooler
and wetter areas of southeastern Australia (Curtis
1956; Walsh & Entwisle 1996), while Muchlenbeckia
oceurs in woodland and heath eommunities and on
the margins of water eourses, swamps and saline
lakes (Hnatiuk 1990; Walsh & Entwisle 1996).
Rumicx, whieh ineludes exotie speeies, grows on the
margins of water courses, swamps and lakes within
temperate regions of southeastern Australia (Hnatiuk
1990; Walsh & Entwisle 1996). Many of the pollen
types in this assoeiation have poor pollen dispersal
and are therefore likely to have been derived from a
loeal souree (Dodson 1977; Dodson 1982/83, Hope
1974; Hill & Macphail 1985; Kershaw et al. 1994a;
Maephail 1979). 1t scems probable, espeeially with
the importance of Banksia in this group, that this
pollen association represents heath (possibly in the
understorcy of temperate woodland) and lake-side
communitics growing in and around the Lake
Wangoom crater.

Dryland pollen association 1V: The three taxa rep-
resented in this assoeiation (Asteraecae A, Poaccae
and the native Plantago) are all eommon in open
vegetation eommunities, such as grasslands and
grassy woodlands. Asteraecae type A pollen has a
number of additional major sourecs, ineluding semi-
arid, coastal and forest eommunities (Costermans
1989). All three pollen taxa are well to over-repre-
sented in pollen surface samples.

Dyyland pollen associatian V: With the exeeption of
Casuarinaecae 23-27m, the taxa in this assoeiation
all generally have traee to very low percentages.
Potential souree plants for the Casuarinaeeae 23-27m
palynomorph include Allocasnarina paludosa, A.
pusilla and Casnarvina cristata (Kershaw1970;
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Modern analogue sites

Surrounding vegetation

1

Lake Ranfurlie

Boomer Swamp
Bolobek*

Lake Jaka
Lake Ranfurlie
Lake Crosby

Sheet of Water
Lake Jaka

Lake Ranfurlie
Lake Cartearong

Sheet of Water
Lake Terang
Lake Gnotuk
Boomer Swamp

Lake Wangoom
Sheet of Water
Long Swamp
Mt Burr

Lake Terang

Lake Wangoom
Lake Terang
Blue Lake (G)
Salt Lake
West Basin

Caledonia Fen

Tiger Snake Swamp

Lake Terang
Egg Lagoon
Cobrico Swamp
Lake Flannigan

- mallee & Casuarinaeceae woodland

- euealypt woodland
- dry selerophyll forest & euealypt woodland

- Casuarinaceae woodland
- mallee & Casuarinaecae woodland
- mallee (tall shrubland)

- dry selerophyll forest & euealypt woodland
- Casuarinaeeae woodland

- mallee & Casuarinaecae woodland

- euealypt woodland

- dry selerophyll forest & euealypt woodland
- eucalypt woodland

- mixed euealypt woodland & grassland

- euealypt woodland

- euealypt woodland
- dry selerophyl] forest & euealypt woodland
- dry selerophyll forest & euealypt woodland
- dry selerophyll forest & euealypt woodland
- euealypt woodland

- euealypt woodland

- euealypt woodland

- dry selcrophyll forest & euealypt woodland
- dry sclerophyl! forest & euealypt woodland
- dry selerophyll & grassland

- dry sclerophyll forest

- eueal ypt woodland

- eucalypt woodland

- wet eoastal serub/heath

- border of dry selerophyll forest & grassland
- coastal serub heath

Table 2. Ncarest modern analogue sites for the dryland pollen assemblages based on modem analoguc analysis of the pollen speetra. Analogue

sites are listed in order of similarity, i.c. closest analogucs are listed first. * indicates high dissimilarity (i.e. poor analoguc)
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Dryland pollen assemblage Modern analogue sites Surrounding vegetation

15

8

13

Greens bush
Lake Terang
Long Swamp
Lake Flannigan
Lake Crosby

Lake Crosby

Tiger Snake Swamp
Caledonia Fen
Lake Ranfurlie
Lake Lascellcs

Lake Crosby
Breadlebane NW
Lake Jaka

Lake Ranfurlie
Shect of water

Lake Curlip
Carlisle State Park
Lake Laseelles
West Basin

Egg Lagoon

Powel Town

Lake Tarlikarng

Lake Flannigan
Chappel Vale
Caledonia Fen
Jacksons Bog B
Lakc Terang
Lake Curlip

Egg Lagoon
Killiecraigie
Lake Crosby
Lake Elusive
Lake Wangoom
Long Swamp

- eucalypt woodland

- cucalypt woodland

- dry sclerophyll forest & euealypt woodland
- coastal scrub heath

- mallee (tall shrubland)

- mallee (tall shrubland)

- mallee (tall shrubland)

- dry sclerophyll forest

- mallee & Casuarinaceac woodland
- cucalypt woodland

- mallee (tall shrubland)

- cucalypt woodland

- Casuarinaceae woodland

- mallee & Casuarinaceae woodland

- dry sclerophyll forest & eucalypt woodland

- dry sclerophyll near coastal Banksia scrub
- wet forest & dry sclerophyll

- mallee (tall shrubland)

- border of dry sclcrophyll forest & woodland
- wet coastal scrub/heath

- wet forest & dry sclerophyll

- wet forest, cuc. woodland & dry sclerophyll
forest

- coastal scrub hcath

- wct forest near dry sclerophyll forest

- dry sclcrophyll forest

- grassland & eucalypt woodland

- eucalypt woodland

- dry sclerophyll near coast

- wet coastal scrub/heath

- wet coastal scrub/hcath near wet forest

- mallee (tall shrubland)

- dry sclerophyll forest

- eucalypt woodland

- dry sclerophyll forest & eucalypt woodland

Table 2.

continued
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Dodson 1974b, 1975; Edney 1987). Allocasuarina
paludosa is common in heath and scrub in coastal
areas, A. pusilla in heath in coastal and drier regions
and C. cristata in dry inland woodland communities
(Costermans 1989; Hnatiuk 1990). Potential source
plants for the other pollen taxa included in this asso-
ciation grow in a range of environments, from semi-
arid woodland to subalpine (Costermans 1989;
Hnatiuk 1990; Walsh & Entwisle 1996). Ncarly all
of them have representatives in drier woodland,
mallee and semi-arid communities. The exceptions
are the Encalypins/Angopohora type (if it is indeed
Angophora), Nothofagus fuscospora type, Melalenea
sgnamea, Lagarostrobos and Microstrobos.
Angoplora is restrieted to dry forest communities,
M. squamea occurs in heath on damp ground,
Mierostrobos occurs in alpine areas, Lagarostrobos
occurs in cool temperate rainforest in Tasmania, and
the only cxtant Australia N. fusea type is N. gummii -
a Tasmanian endemic occuiring in wet subalpine
communities. 1t is possible that the N. fuscospora
type could be reworked Tertiary pollen or, as is po-
tentially the ease with Lagarostrobos, derived by long
distance transport from Tasmania. Given its prefer-
ence for damp ground, such as occurs in swamps and
bogs, it is possible that M. squamea was derived from
communitics within the Wangoom crater.

Although there is a potential range of communi-
ties for this association, the dominance of
Casuarinaceae 23-271t suggests the source of much
of the pollen may have been open woodland, heath
and semi arid shrubland. The possible presence of
long-distance dispersed pollen provides support for
relatively sparse, open vegetation.

Dryland pollen association VI: Unfortunately the
source, and in turn the ecology of the dominant pol-
len type in this association, Astcraceac B, is unknown.
Of the other taxa in this association, Pimelea occurs
in a range of environments, from wet forest to alpine
formations; Rubiaeac (excluding Aspernla, which is
analysed separately) grows in dry forcst and coastal
scrub and occasionally rainforest; Glisclnvocaryon is
restricted to mallcc and heath communities; and
Lencopogon grows predominantly in coastal, dry
woodland and mallee communities but can occur in
montane forest (Costermans 1989; Hnatiuk 1990).
Therc has been some debate over the source of the
Casuarinaceae <23t pollen type (Singh & Geissler
1985), although Kershaw (1970) speculated it may
be derived from Casuvarina cristata, which grows in
semi-arid woodland (Costermans 1989). Overall, the

uncertain source of some taxa combined with the
broad geographical spread but limited abundance of
other taxa suggests that the assemblage may not be
represented in the present landseape. However, the
presence of a number of taxa currently growing in
drier arcas suggests the source community was prob-
ably dry.

Dryland pollen association VII: Apart from
Casuarinaccac >28f, Chenopodiaceae and
Haloragaceac, the percentages of the taxa included
in this association are trace to low. There are a number
of Casuarinaceae spccics in southeastern Australia
that have pollen in the > 281 sizc class (see Table
1). Of these. Allocasnarina mucllerana and A.
lenhmannii oecur in hcath, mallee and semi-arid
woodland in which Chenopodiaceae is a significant
component (Costermans 1989). Of the other
Casuarinaceac specics in this size class, A. littoralis
and A. verticillota  grow in coastal to more inland
forest, woodland and serub communitics whilst A.
nana is a sub-alpine specics (Costermans 1989).
Crowley (1994a) argues that the spceies generally
represented in southern Australian pollen records by
Casuarinaceae >28p pollen is Allocasuarina
verticillata, which is one of the most salt sensitive
species of the family. She suggests that its generally
inverse relationship with Chenopodiaceae in these
records reflects this salt sensitivity (Crowley 1994a,
b). There is some evidence of this inverse trend in
many sections of the Lake Wangoom record, particu-
larly in Pollen Assemblages 12 and 13, which are
described later. However, Chenopodiaceae and
Casuarinaceae exhibit similar trends in representa-
tion in Asscmblages 1, 9 and 10 (described later),
suggesting a salt tolerant source plant. Other taxa in
this association (Aizoaccae, Brassicaceae, Fabaccae,
Haloragaceae, Lamiaceae and Oreomyrrhis) occur in
a range of environments, although all are found in
mallce and heath communities. Several species also
grow in and adjacent to wetlands, with members of
the Aizoaceae and Brassicaceae familics tolerating
fairly saline conditions (Walsh & Entwisle 1996).
Ovcrall, this association most probably incorpo-
rates communities of gencrally dry environments in-
cluding heath, woodland and perhaps communitics
growing adjaccnt to brackish or saline water.

Dryland pollen association VII: The pollen taxa in
this association are all derived from trees and shrubs,
most of which have representatives in forest com-
munities. Fuealyprus is the dominant taxon in tall
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shrubland and woodland as well as sclerophyll for-
est communities throughout southeast Austrafia, of-
ten in association with Acacia. Pomaderris occurs
in both wet sclerophyll and dry sclcrophyll forcst
communitics, whilst Cyathea and Elacocarpus are
restricted to wet forest types. The only native genus
of Cuprcssaceae in Victoria is Callitris. 1t is largcly
restricted to drier communities. such as open forest
and woodlands, although one specics, Callitris
rhomboidea, grows in relatively high rainfall areas
along the castern seaboard and in eastern Tasmania.
fn western Victoria, Callitris is currently restricted
to low open forest in the Grampians and in adjacent
mallee communities (Costermans 1989).
Callistemon, Lepiospermum and Melaleuca frc-
quently fringe watcr courscs and swamps
(Costermans {989) and therefore could be representa-
tive of sclerophyll vegetation growing around the
margins of Lakc Wangoom. Baeckea and Kunzea,
both of which havc relatively poor pollen dispersal,
could also be part of communities growing within
the Wangoom crater.

Dryland pollen association IX: The source plants of
most of the pollen taxa in this association arc shrubs
occurring in hcaths, opecn woodland and scrub on
sandy soils, particularly in arcas of low rainfall ar-
eas and physiological dryness. The exception is the
herb Hydrocotyle, which although found in a range
of vegctation communitics, the poor dispersal of its
pollen suggcests a prcdominantly locaf aquatic and/or
semi-aquatic (eg. swamp) source,

Diviland pollen association X: With the exceptions
of Tetratheea and Exocarpos, the taxa represcented
in this association are from wet forest communitics,
in particular cool tempcrate rainforcst. Two of the
taxa (Eueryphia and Plivllocladus) are no longer
cxtant in Victoria, the latter being confined to tem-
perate rainforest in Tasmania and the former being
confined to temperate rainforest in both New South
Wales (Eucryphia mooreiy and Tasmania (E. lucida
and E. milliganii). Tetratheca species in western
Victoria arc small shrubs of dry forest and heath com-
munitics {Curtis 1956; Hnatiuk £990). Thc parasitic
smalfl tree, Exocarpos, occurs in dry forest, semi-arid
woodland and mallee and as a shrub in subalpinc
regions of Tasmania and Victoria (Costcrmans {989).
Ovecrall, this association probably gives cvidence of
vegetation communitics in the wetter southern and

eastern areas of the region and dry sclerophyll forcst
in inland areas towards the drier cnd of the rainfall
gradient.

Drviand pollen association X1: This association in-
cludes spccics occurring in or marginal to tempcerate
rainforcst communities. Several specics, such as
Aemena smithii, Boronia muelleri and Codonocarpus
attenuains (Gyrostemonaceae), are now predomi-
nantly confined to East Gippsland and coastal NSW,
where warm temperate rainforest is found. fndeced,
Aemena is a frequent dominant canopy taxon of this
rainforest type whilst Dicksonio is an important com-
ponent of thc undcrstorcy (Camcron 1992,
Costermans 1989). Codonocarpus also grows in
Queensland (Bodkin 1990). Gyrostemonaceae,
Dodonaea, Boronia, Ericaccae and Liliaceac arc re-
corded in 2 much wider range of habitats, including
scmi-arid communities. However, their inclusion in
this association strongly suggests that the major oc-
currence of these palynomorphs within the sequence,
particularty whcre other members of this association
also occur, are indicative of more humid communi-
tics. Ericaceac and Liliaccac have limited pollen dis-
persal, so it is likely that they were derived from
plant communitics, possibly heath and/or bog com-
munities, growing around thc margins of Lake
Wangoom.

Dryland pollen assemblages

Dryland pollen assemblage {: The ninc samplcs in
this assemblage are characterised by high inter-sam-
ple variation, low diversity and frequent dominance
by othcrwise poorly represented taxa, many of which
arc considered to be of Tertiary origin or are intro-
duced. Apart from associations 1 and 11, representing
the Tertiary and introduced specics, there is high rep-
resentation of associations 1V (grassland/
herbfield) and VI1I (open woodland, heath and saline
communities). It is considered that this asscmblage
consists of two sub-asscmblagcs: i) a Europcan modi-
fied vegetation with introduccd taxa and ii) an as-
semblage containing a significant proportion of Ter-
tiary pollen flora, most likely reworked from the Ter-
tiary scdiments in the Wangoom tuff. The difficulty
of separating out reworked pollen significantly re-
duccs the ability to reconstruct prevailing vegetation
and climatc.
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Dryland pollen assemblage 2: This assemblage con-
sists of twenty-one samples from between 380 and
850 cm. They are dominated by taxa in dryland pol-
len association 1V (Asteraceae A, Poaceae and the
native Plantago type), which are considered to rep-
resent grassland and herbfield communities. Consist-
ent with this is the continuous presence of Asteraceace
(Liguliflorae), which, given the lack of introduced
taxa in this assemblage, is most likely cither
Microseris scapigera and/or Taraxeenm aristim,
both being common in grassland and herbfield com-
niunities (Scarlett et al. 1993). The representation of
arboreal taxa is the lowest for the diagram, with only
minor presence of trees and shrub pollen, predomi-
nantly from dryland pollen associations V, VII {open
woodland, heath and saline communitics) and V111
(sclerophyll forest/woodland). The sporadic trace
presence of rainforest trees and tree ferns would most
likely have been from long distance dispersal with
their represcntation facilitated by the comparatively
open nature of the regional vegetation. Trace per-
centages of Nothofagus subgenus Brassospora and
Podocarpaceac in three samples are probably derived
from minor erosion of Tertiary sediments from the
Wangoom crater.

The dominance of this pollen assemblage by
dryland pollen association 1V coupled with the mini-
mal occurrence of taxa from other associations, in
particular the forest associations (associations V1II,
X and XI), is consistent with the occurrence of ex-
tensive grassland/steppe and herbficld communities.
Sparse arborcal cover (less than 10%) is indicated,
which in turn suggests the presence of very open
woodland and/or shrubland communities. Some sup-
port for this interpretation is provided by the modern
analogue analysis which suggests the presence of
open Casuarinaceac woodland and tall eucalypt
shrubland (Table 2).

Dryland pollen assemblage 3: This assemblage,
which includes thirtcen samples from 860 to 1100
cm, is dominated by dryland pollen association 1V,
indicating a significant presence of grassland/stcppe
and possibly herbficld. 1t is very similar to pollen
assemblage 2, although differs in having a higher
proportion of Fvcalypins and Chenopodiaccae, a
lower representation of Poaccae and a slightly dif-
ferent array of minor taxa. The greater proportion of
Euncalyptns suggests a denser arboreal cover than in
assemblage 2, although still low at less than 30%.
Chenopodiaceae may have been derived from semi-

arid communities, coastal communities or saltmarsh
growing within the Wangoom crater. The lower val-
ues of Poaccae may represent a real reduction in the
landscape and/or may simply be an artefact of its
proportional pollen representation being affected by
the rise in other taxa, eg. Encalyptus.

The nearest modern analogues for this assem-
blage are sites in mixed dry sclerophyll forest and
cucalypt woodland, ecucalypt woodland and
shrubland, and Casuarinaccac woodland (Table 2).
It is most likely that this assemblage represents a
mosaic of grassland/steppe and cucalypt and
Casuarinaceae woodland and shrubland.

Dryland pollen assemblage 4: This assemblage,
which incorporates samples from 10 to 60 cm, is
dominated by dryland pollen association 11, indicat-
ing the presence of exotic plants. Also important is
dryland pollen association 1V, with moderate to high
percentages of Poaceae. Values of between 10 and
25 % for Eucalyptus and Casuarinaceae >2811 sug-
gest they have some importance, although represen-
tation of other arboreal associations, in particular the
forest associations (X and X1) is minimal, Trace per-
centages of Acacia, Banksia, Leptosperniuin and
Melalevca, all of which have poor pollen dispersal
capabilitics, suggest they oceurred within the
Wangoom crater.

Overall, this assemblage is indicative of vegeta-
tion modified by Europeans, with the presence of
introduced taxa and a mosaic of opcn cucalypt and
Casuarinaccae woodland and widespread grasslands.
This reconstruction is supported to some degree by
the modern analogue analysis, which suggests the
occurrence of a mixturc of cucalypt woodland and
dry sclerophyll forest (Table 2).

Dryland pollen assemblage 5: Samples from 70 to
240 em are included in this assemblage. They are
dominated by Evcolyprus and Poaceae and to a lesscr
extent Casuarinaceae >28p. The three most impor-
tant pollen associations arc 111 (heath and lake mar-
gin communities), VIII (sclerophyll forest compo-
nents) and 1V (grassland/steppe), although the latter
is really only represented by Poaceae with consist-
ently low values of Asteraceae A and native Plan-
tago.

As with assemblage 4, the existcnee of open
woodlands with grassy understorcys is implied. The
moderatcly high percentages of Encalyptis and the
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consistent representation of other taxa from dryland
pollen association VIII suggest that cucalypt forest
may also havc been present. Corroboration is pro-
vided by the closest modern analogues, which occur
in eucalypt woodland, dry sclcrophyll forcst and in
mixed eucalypt woodland/grassland communities.
Low dissimilarity valucs indicate that these are close
analogues (Fig. 3).

The continuous prescnce of pollen association 11
suggests heath/wetland communities may have ex-
isted around the sitc, with Banksia, Muelilenbeckia,
Rrmex and minor occurrences of Urtica and perhaps
Melaleuca and Leptospermn.

Dryland pollen assemblage 6. Incorporating seven
samples between 260 and 370 cm, the palynoflora of
this assemblage is similar to that of Assemblage 4.
It is dominated by Poaceae, has low to moderate per-
centagcs of Fucalypuis and Casuarinaceae >28}1, low
but consistent rcpresentation of Asteraceac A and
Chenopodiaceae and an abscnce of Asteraceac B. The
major differences from assemblage 4 include the
absence of exotic pollen association I, a more con-
sistent rcprescntation of taxa from dryland pollen
association 111 (heath and lakc margin communities)
and higher, more consistent representation of dryland
pollen assemblage VIII (sclerophyll forcst) in par-
ticular Cupressaceae, Pomaderris, Melalenca, as well
as ferns, especially Preridinm.

This assemblage appears to represent a mosaic
of vegetation types including woodland (dominated
by Encalyptus, Casuarinaccac and Cuprcssaceac),
grassland (including as understorey to open wood-
land), dry sclerophyll forest and a relatively well
developed swamp around the margins of Lake
Wangoom. The closcst modern analogues occur
within woodland and dry sclcrophyll communities
(Table 2).

Dryland pollen assemblage 7. This assemblage in-
cludes cight samples from a variety of depths (1640,
1660, 2020-2060, 2700, 3160 and 3200 cm). Dryland
pollen association 1V (grassland/steppe) is the best
represented with moderate percentages of Asteraceae
A and Poaceac. Dryland pollen association VII|
(sclerophyll forest/woodland) is of some significance.
with moderatc to low values of Cupressaceae, Erca-
lyptus, Leptospernmm and Melalenca and the low
but consistent presence of Acacia, Baeckea,
Callistemon, Cyathea and Pomaderris. Also impor-

tant are Asteraceae B (pollen association VI), which
has moderate percentages, and the low but continu-
ous presence of Preridimm. The overall representa-
tion of arboreal taxa is moderately high, principally
due to the number of arboreal taxa prescnt rather
than large percentages of any one type. The lack of
any clear dominant taxa or community types suggests
that the regional vegetation was composed of a mo-
saic of types, including dry sclerophyll forest (domi-
nated by Eucalvprus and perhaps ), open Eucalyptus
and Casuarinaccac woodland, grassland, herbfield
and some minor occurrences of wet sclerophyll (in-
dicated by the presence of wet forest taxa such as
Pomaderris and Cyathea). This mixed pattern of
vegetation is certainly apparent in the modern ana-
logue analysis, with closest analogucs including wet
coastal scrub/heath, tall shrubland (mallee), euca-
lypt woodland and dry sclerophyll forest (Table 2).

Diyland pollen assemblage 8. Dryland pollen assem-
blage 8 is composed of ten samples close to the base
of the core (3580, 3600, 3700-3860, 3940, 3960 cm).
1t is dominated by Casuarinaccac >28p (dryland as-
sociation VI - dry heath/woodland), which has its
highest pereentages for the sequence, although other
taxa from this association arc not well represcnted.
Dryland pollen association VIII (sclcrophyll forest/
woodland) has sonie importance, with moderate per-
centages of Cupressaccac and Encolyptus and con-
sistent but low values of Acacia, Leptospermun,
Melaleuca, Pomaderris, Cyathea and Knnzea.
Dryland pollen association X1 (wet forest/temperate
rainforcst) is moderately well represented. There is
some presence of dryland pollen association 1V
(grassland/steppc), with moderate percentages of
Asteraccac A, moderate to low values of Poaccae and
low values of the native Plantago. Overall, the her-
baccous taxa are relatively poorly represented.

The dominance of this assemblage by
Casuarinaceae >28 t pollen suggests the widespread
occurrence of Casuarinaccae (most probably
Allocasuarinag verticillata) woodland and/or forest.
Euncalyptns and Cupressaceac may have been sub-
dominants or could have formed more restricted oc-
currences of other woodland and forest types.

The proportionally high percentages of Dodonaca
and Gyrostemonaceae may have been derived from
relatively dry communities, such as semi-arid wood-
land or heath. However, the presence of other taxa
from pollen association X1 suggests that their source
was wet forest possibly marginal to temperate rain-
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forest. Indeed, the presence of wet forest components
from dryland pollen associations V111, X and XI (eg.
Cyathea, Elacocarpaceae, Pomaderris, Acmena and
Phyllocladus) indicate that small patches of wet
sclerophyll and perhaps rainforest communitics oc-
curred within the region.

The closcst modern analogues (Table 2) exhibit
a moderately high dissimilarity to this assemblage.
The analogues seleeted by the analysis consist of a
mix of cucalypt woodland, dry sclcrophyll forest,
coast scrub/hcath and mallee shrubland. The latter
were probably scleeted because of their reasonably
important Casuarinaceac component.

Dryland pollen assemblage 9. This assemblage in-
cludes thirty-six samples between 1740 and 3360 cm.
Itis dominated by dryland association 1V (grassland/
steppe) and Asteraceae B (pollen association V1).
There are moderate pereentages of taxa from dryland
association V11 (dry heath/woodland). Taxa from the
dryland pollen associations indicative of forcst com-
munitics have low to trace represcntation.
Casuarinaceac >28p is the best represented of the
arborcal taxa, with moderate percentages.
Cupressaccae representation ranges from moderate
to absent, whilst Encalyptns pereentages are gener-
ally low. There is an array of other trees and shrubs,
such as Acacia, Banksia, Baeckea, Kunzea,
Leptospernnim and Dodonaea, but all with very low
to tracc values.

The palynoflora of this asseimblage indicates the
widespread occurrence of grassland/steppe and
herbfield communities. The presence of Acaena sug-
gests that some at least of this grassland was tem-
perate rather than semi-arid. The presence of open
woodland, mainly Casuarinaccac dominated, and
some heath is also implied. Trace percentages of wet
forest taxa, such as Cyatliea, may have been derived
from small isolated patches of wet forest communi-
ties in the region, although probably some distance
from the study site. It is a pity that the ccology of
Asteraccae B is unknown, as its high percentages in
this assemblage indicates that it was a significant
component of the landscape.

The modern analogues analysis indicates a range
of open forest, woodland and shrubland communi-
ties, including mallee, Casuarinaceae and eucalypt
woodland and to a lesser degree dry sclerophyll for-
est (Table 2).

Dryland pollen assemblage 10. Thirty samples, rang-
ing in depth from 1120 em to 4150 ¢m, are included
in this assemblage, Overall, it is very similar to
dryland pollen assemblage 9, being dominated by the
herbaceous and woody/herbaceous taxa, in particu-
lar dryland pollen association 1V (grassland/steppe),
Asteraceae B and Chenopodiaceac. However, it has
a higher representation of pollen associations V and
V1 as well as Euncalyptus (slightly), Melaleuca,
Orcomyrrlis and Chenopodiaceae. 1t also includes
two taxa from dryland pollen association |
(Nothofagus subgenus Brassospora and Podo-
carpaccae), suggesting some possible minor contami-
nation by Tertiary scediments.

This assemblage indicates a regional vegetation
composcd largely of grassland/steppe, herbfield and
dry heath with scattered stands of serub and wood-
land in more sheltered and higher rainfall areas. The
drier communities are implied by the combination
of reasonably high perccentages of Casuarinaccac 23-
27p and Chenopodiaceae together with the presence
of a suite of taxa found in semi-arid environments,
such as Beyeria, Bursaria, Leucopogon, Bora-
ginaceae and Glisclirocaryon. Melalenca may also
have been derived from such communities. The mod-
crn analoguc analysis provides support for the pres-
ence ol dry communities, with analogucs generally
consisting of opcn and semi-arid woodland and
shrubland (Table 2). Heath communitics are likely
to have included Banksia, Rhamnaccae and perhaps
Hydrocotvle and Oreomyrrliis.

Dryland pollen assemblage 1. Incorporating four-
tecen samples from between 2080 and 4140 cm, this
assemblage is dominated by arboreal taxa, in par-
ticular thosc in dryland association V111 (sclerophyll
forest/woodland). Also important are taxa from
dryland pollen association X1 (wet forest, especially
warm temperate), with the highest percentages in the
sequence of Acmena and Dicksonia. There are trace
to low percentages of most taxa from dryland pollen
associations 1X (heath/woodland shrubs) and X (wet
forest, especially cool temperate), including
Nothofagus cunninghamii and Phyllocladns. The
woody/herbaceous and herbaccous taxa are poorly
represented, with very low percentages of Asteraceae,
Poaccae and the native Plantago.

The dominance of this assemblage by dryland
pollen association VIII implies eucalypt forest was
widesprecad, with much higher proportions of
Cupressaceae and Acacia than is evident today. High
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percentages of Pomaderris coupled with the pres-
ence of other wet forest components, such as the trcc
ferns (Cvathea and Dieksonia), indicate that a sig-
nificant component of the eucalypt forest was wet
sclerophyli forest. Low but consistent pereentages of
rainforest trees (cg. Nothofagus cunninghamii and
Plyllocladus) and the presence of taxa in dryland
pollen association XI strongly suggcsts that stands
of cool temperate rainforest and elements of warm
temperate rainforest also existed in the region. It is
not clear whether the latter actually formed commu-
nities of warm temperate rainforcst or were mercly
relict components within other wet forest communi-
ties, such as eool temperate rainforest.

Support for forcst domination, including the oc-
currence of wetter forest types, is provided by the
closest modern analogues, which include both wet
and dry scierophyll communities (Table 2).

The sources of thc high pcrcentages of
Leptospermum and Melalenca are likely to have been
heath and shrubland in the Wangoom crater. Such
communities may also have included other Myrtaccae
(eg. Baeckea and Kunzea) and various heath specics
(eg. Ericaceae and Monotoca). The fems, with the
possible exception of Preridium, which may have
been widespread in the understorey of open forest
and woodland communities, were also likely to have
been local.

Dryland pollen assemblage 12. This assemblage cov-
ers a continuous sequence of samples from 2220 to
2380 cm. It is very similar to dryland pollen asscm-
blage 11 in that it is dominatcd by arborcal taxa, in
particular those occurring in dryland pollen associa-
tion VIII (sclerophyii forest/swwoodland). However, it
has a highcr rcprescntation of Asteraceac A,
Chenopodiaceae, Kunzea and taxa from dryland pol-
len association (X). It also has a lower representa-
tion of Casuarinaceae, Asteraceae B, Pomaclerris and
taxa from dryland pollen association X, most sig-
nificantly Acmena, Dodonaea and Dicksonia (the
latter being absent). This asscmblage has a greater
presence of cool tempcrate rainforest than in assem-
blage 11 with a much reduced occurrence of warm
temperate rainforest components. The widesprcad
occurrence of wet sclerophyll and some dry
sclerophyll forest is also implied, perhaps with some
occurrence of woodland communities.

As in dryland pollen assemblage 11, the source
of high percentages of Melalcuea, Leptospernum and
other myrtaceous and heath taxa may have been hcath

and scrub communities occurring within the
Wangoom crater. The rcduced representation of
Asteraceae B within this assemblage suggests that
environmental conditions suitable Tor the expansion
of cool temperate rainforcst were detrimental for the
source species of this palynomorph. The overall
impression of a mosaic of wet and dry forest com-
munities and woodland is reflected in the closest
modern analogues (Table 2).

Dryland pollen assemblage 13. Eleven samples, from
a range of depths between 2400 and 3640 em, make
up this final assemblage. As with the previous two
assemblages, Eucalypms and other taxa in dryland
polien association VIl (sclerophyll forest/wvoodland)
are dominant. The highest valucs for Acacia and
Eunealypwus are recorded. Taxa in dryland pollen as-
soeiation IX (heath/woodland shrubs) arc also well
represented. There arc markedly lower valucs, how-
ever, of rainforest taxa. Dryland pollen association
IV (grassland/steppe), Casuarinaceac and
Chenopodiaceac have moderately low pereentages.
This pollen assemblage indicates cucalypt
forest dominated the region, a significant proportion
of which was likely to have been wet sclcrophyil.
High percentages ol Cupressaccae suggest it was also
important, most likely as a co-dominant with Euca-
lypras in forest and woodland communities. Some
presence of dry sclerophyll forest is suggested by the
moderately high valucs of Preridium. The prescnce
of woodland, heath and scrub communities are also
implied, particularly by the high percentages of
Melaleuca, Leptospermum and taxa in dryland pol-
len association IX. The rclatively high influence of
scrub and heath ecommunities probably reflects the
vegetation within the Wangoom basin. Genceral sup-
port for this pattern of regional vegetation is pro-
vided by the closest modem analogues (Table 2).

RECONSTRUCTION OF THE LATE
QUATERNARY VEGETATION AND
ENVIRONMENTS OF WESTERN VICTORIA
FROM THE COMPOSITE LAKE WANGOOM
RECORD

The composite Lake Wangoom dryland pollen record
is plotted against corc depth in Fig. 4. it has been
zoned with the assistance of the results from the dis-
similarity coefficient analysis of the pollen samples.
Biostratigraphic zones implied by the pollen assem-
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blages were ignored wherc they involved the isola-
tion of an individual sample. The main assemblage(s)
represented in cach zone are plotted along with the
ferns, total pereentage of aquatie taxa, pollen con-
centrations, arca of charcoal, ratio of charcoal to pol-
len concentration and radiometric dates acquired for
the sequence to assist intcrpretation and establish-
ment of the chronology. Where possible, the zones
have been related tentatively to the marine isotope
stratigraphy of Martinson ct al. (1987).

Interpretation of the charcoal record

Interpretation of charcoal evidenee can be problem-
atie as no direet relationship between vegctation, firc
and the charcoal produced by it has been cstablished
(Clark 1982; McKenzie 1989; Winkler 1985). Ex-
pression of the arca of chareoal as a ratio of the pol-
len concentration potentially reduces variablcs asso-
ciated with sediment accumulation rates and sedi-
ment compression. It is more difficult, however, to
assess variation in the influx of eharcoal into a closed
basin causcd by the filtering effcct of local vegcta-
tion. Examination of the Lake Wangoom charcoal
rccord (Fig. 4) reveals that through most of the record,
the highcst raw charcoal concentrations arc associ-
ated with the lowest representation of aquatic taxa.
There is a visible reduetion in the area of charcoal at
the beginning of zonc LW 14 in association with a
sharp increase in pcreentage representation of aquatic
taxa. This strongly suggests that the presence of
aquatic vegetation in the lake had a filtering effect
on the quantity of charcoal deposited in the lake
sediments and henee in the core. For this record,
therefore, high charcoal concentrations will only be
taken as evidence of increascd fire frcqueney or in-
tensity wherc they are obviously not influenced by
aquatic plant rcpresentation of ehangcs in particle
coneentration.

Zone LW23. Consisting of a singlc sample from the
base of the core (4150 em), this zonc is quite distinet
from thosc above both on a palynological and
scdimcentalogical basis. The sharp sedimentary
boundary between this samplc and thc onc above
raiscs the possibility of a hiatus. 1t is thercfore diffi-
cult to place an age on the sample.

The pollen of this sample falls into dryland pol-
len assemblage 10 and together with the closcst ana-
logues, suggests the regional vegetation consisted of

amosaic of grassland, Casuarinaceae woodland, open
shrubland and a limited extent of open eucal ypt wood-
land. Conditions, therefore, appear to have been drier
than today. Moderately high charcoal valucs (very
high when cxpresscd as a ratio to pollen concentra-
tion) provide cvidence for fire in the rcgion.

Zones LW22-19 (The Penultimate Interglacial). Ura-
nium/thorium disequilibrium (UTD) dates and sus-
tained high arboreal reprcsentation suggcst that zoncs
LW22 to LW 19 occurred during the Penultimate Intcr-
glacial. Overall, this period is charactcrised by the
presence of rainforest trecs, trec ferns and ground
ferns, high values of trces and shrubs and low repre-
scntation of woody/herbaceous and herbaccous taxa.
The regional vegetation appears to have been domi-
nated by forest and woodland communitics, with a
significant presence of wetter forcst typcs. However,
the composition of the forest varicd throughout the
period, with altcrnating dominanee of Pollen Assem-
blages 11, 8 and 13.

Zone LW22, dominatcd by Pollen Asscmblage
11, indicates the widespread occurrencc of wet
sclerophyll and dry sclerophyll forest as well as tcm-
perate woodland, with Cupressaceae (likely to be
Callitris) as well as Eucalyptus forming the eanopy.
There is some hint of the presence of rcmnants of
warm temperate rainforest with thc occurrcnce of
Pollen Association XI. There may also have been very
minor oceurrences of cool temperate rainforest. Both
of these rainforest types may have grown in shel-
tered locations, probably within the Otway Ranges.
Leptospernmun and Melaleuca heath and scrub com-
munities most likely grew within and around the
Wangoom cratcr.

Pollen Assemblage 8 dominates zone LW21, in-
dicating that the regional vegetation became more
open, with Casuarinaccae (probably Allocasuarina)
open forest and/or woodland largely replacing Etca-
lyptus and Cupressaccae (most likely Callitris) for-
est communitics. Some trace prescnce of wet
sclerophyll forest and rainforest is indieated. The lack
of good modern analogues for this assemblage im-
plies that the vegctation landscape was rather differ-
ent to any extant in the region.

Zone LW20 shows a return to vcgetation similar
to that in zonc LW22, although cvidence for wet
sclcrophyll forest is redueed with lower values of
Pomaderris. In contrast to zonc LW22, wherce Euca-
lyptus gives way to Cupressaceae, Cupressaceae is
prominent carly, with Encalyptus becoming domi-
nant in the lattcr stages.
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The return to dominance in zone LW 19 of Pollen
Assemblage 8 indicates the return to the more open,
Casuarinaceae dominated vegetation present during
the period represented by zone LW21.

The shifts in vegetation evident during the Pe-
nultimate Interglacial were most likely caused by fluc-
tuations in climate, in particular effective precipita-
tion. The transition from the dominance of wet
sclerophyll and dry selerophyll forest in zone LW22
to morc open Casuarinaceac dominated forest and
woodland in zone LW21 implies a decrease in effce-
tive precipitation. The reverse is suggested with the
re-expansion of wetter forcst types in zone LW20.
Effective precipitation then appears to have deercased
again with the re-emergence of Casuarinaceae domi-
nated communitics at the expense of Encalvptus and
Cupressaceae (probably Cuflitris) dominated com-
munities in zone LWI19. These apparent elimatic
shifts do not seem to have substantially affected the
incidence orintensity of fire in the region. as revealed
by the consistently low charcoal to pollen ratio. Given
this low ratio, the moderately high and variable char-
coal values are likely to be the product of particle
coneentration in a deep water lake rather than any
significant burning in the region.

Zones LW18-13 (The Penultimate Glacial). There ap-
pear to be three major phases within this period —
two indicating very open canopicd vegetation sepa-
rated by a middle phase with fluctuation between
woodland and forest eommunities and drier more
open canopied vegetation, The carliest phase, zone
LW18, is dominated by Pollen Assemblages 9 and
10, indicating the widespread cxpansion of grassland
and herbfield, as well as dry open woodland,
shrubland and heath, most probably in response to a
deereasc in annual effective preeipitation. The com-
munities containing woody taxa were dominated by
Casuarinaceae (at lcast two species) with Eucalyvp-
tus and Cupressaccae (Callitris) possibly in arcas of
slightly higher annual effective precipitation. Small,
isolated stands of dry selerophyll forest may also have
occurred in higher rainfall arcas, such as the slopes
of the Otway Ranges. Asteraceac B is significant in
both thesc assemblages. However, the lack of knowl-
cdge about its source prevents interpretation of its
ecological or climatie significance. Slightly elevated
charcoal to pollen ratios during this phase suggest a
higher incidence and/or intensity of fire in the re-
gion than experienced during the Penultimate Inter-
glacial.

The second phase is identified by dramatic and
short-term fluetuations of Pollen Assemblages 13, 7
and 9. The stratigraphy suggests a fairly rapid and
marked regional expansion in zonc LW17 of Enca-
Iyptus and Cupressaceae (likely Callitrisy dominated
forest and woodland communities, including a mi-
nor component of wet selerophyll forest (Pollen As-
semblage 13). This was followed by an opening up
of the regional vegetation in zone LW 16, with the
expansion of grassland and herbfield, either as
understorey in woodland and scrub and/or as discrete
communitics (Pollen Assemblage 7). This trend con-
tinued into zone LW1S. with a return to the open
grassland, herbfield, woodland and shrubland com-
munities of zone LW 18 (Pollen Assemblage 9).
There appears to have been a brief re-expansion of
forest and closed woodland communities (Pollen
Assemblage 13) in Zone LW 14. However, this cvi-
dence is based on one sample and would require
analysis of intervening samples in order to confirm
it as being a real event, rather than potential con-
tamination. Asteraceace B remained important
tliroughout. Overall, this phase appears to have been
one of fluctuating effective precipitation, with an
initial rise (zone LW17) followed by a gradual de-
cline (zones LWI16 to LWI5) and then a possible
sharp increase (zone LW14), The charcoal/pollen
ratio suggests low levels of burning in the region at a
slightly redueed seale than in the previous phase.

The final phase within the Penultimate Glaeial;
zone LW13, appears to have been a sustained period
dominated by Pollen Assemblage 9. The lack of Pol-
len Assemblage 10, in comparison to zone LWIS,
suggests a more open regional vegetation, with wide-
spread grassland and herbficld communities and
poekets of open woodland in sheltered locations. The
latter were dominated by Casuarinaceae, although
Encalyptus and Cupressaceae (probably Callitris)
were also present. As with the previous zones in the
Penultimate Glacial, Astcraceae B remained impor-
tant. The cvidenee suggests effeetive preeipitation
was low. The incidenee/intensity of fire in the region
during this phase does not appear to have changed
mueh from the low levels recorded in zones LW17 to
14.

Zone LW{2 (The Last Interglacial). Bascd on UTD
dates and the significant and sustained dominanee
of arboreal taxa, zone LW12 is interpreted as span-
ning the Last Interglacial. Unfortunately the large
uncertainties of the UTD dates (sec Harle ct al. 2002)
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prevent a definite assessment of the cxact relation-
ship this zone has to marine oxygen isotope stage 5
(OIS 5), in particular the number of substages it in-
cludes. The height of the Last Interglacial (corre-
sponding to substage 5¢; Martinson et al. 1987) is
certainly present. This period is divided into two
phases (subzones LW 12ii and 12i) based on changes
in the nawre of arboreal communitics represented.

Dcfined by Pollen Asscmblage 13, subzone 12ii
represents a phase where increased effective precipi-
lation caused a rapid expansion of forcst communi-
ties, in particular eucalypt-dominated wet sclerophyll
and dry sclerophyll forest with a significant
Cupressaccae (most likely Callitris) component.
Woodland communities are also suggested as being
present in the region. Heath and scrub arc indicated
as being important, with pollen probably being de-
rived mainly from within the Wangoom erater. A peak
in the charcoal to pollen concentration ratio in the
middle of this phase suggests a short phase of in-
creased frequency in burning. Higher fuel loads as-
sociated with the cxpansion of forest communitics
may have contributed to this.

Subzone 12i is dominated by dryland pollen as-
semblages 12 and 11 (the later owards the top).
The former indicates the expansion of cool tcmper-
ate rainforest in the region whilst the laticr suggests
a subsequent expansion of warm temperatc rainfor-
est elements. Both probably expanded from sheltered
moist gullies in the Otway Ranges and perhaps in
isolated and shcltercd locations along the coast and
in river valleys (such as at the Hopkins River). The
rainforest expansion, although limited in extent, was
probably in responsc to an increase in effective pre-
cipitation, with levels well above thosc of today.
There are also some possible temperature implica-
tions for the increase in warm temperate rainforest
clements towards the top of the zonc. Woodland com-
munitics were probably also present, although the
lower representation of Pollen Association 1X sug-
gests a reduction in heath and scrub components.
Leptospernuun and Melaleuca probably continued to
dominate the vegetation on the margins of the
Wangoom crater. There appears to have been a drop
in the level and/or intensity of burning in the region,
indicated by the deercase in the arca of charcoal and
most significantly by the reduced charcoal/pollen
ratio.

Zones LW11-3 (The Last Glacial). More open cano-
pied and dricr vegetation within zones 11-3 suggest

a period of significantly reduced effective precipita-
tion, which most likely equates to the Last Glacial
period.

The early part of this period is characterised by
reduced effective precipitation, with the expansion
in the region of dry sclerophyll forest, eucalypt wood-
land, scrub and grassland communities (zonc LW11I,
Pollen Assemblage 7). This was followed by the re-
placement of forest and closed woodland with open
grassland, herbfield and scaticred semi-arid wood-
land/scrub (zone LW 10, Pollen Assemblage 9). Per-
centages of Asteraceac B increased during this phase,
becoming significant in zone LW10, indicating its
importance in the early Last Glaeial flora of the re-
gion. The local vegetation around Lake Wangoom also
appears to have become progressively more open,
with lower values for Melaleuca and Leptospermunt.
Both charcoal curves suggest that the level of bumn-
ing in the region remained moderately low.

Some climatic recovery is suggested by the mi-
nor rc-cxpansion of woodland and scrub communi-
ties at the basc of zonc LW9. This heralds the com-
mencement of a complex phase (zones LWY to LW06)
where the expansion and contraction of woodland
and scrub, and in particular the changing importance
of Eucalyptus, provides evidence for fluctuations in
effective precipitation. This phase is interpreted as
an interstadial within the Last Glacial. Open grass-
land and herbfield, as well the sourec of the
Asteraceae B pollen, appear 1o have remained wide-
spread throughout the interstadial. whereas the cx-
pansion of woodland and scrub communitics peaked
at the beginning (subzone LW9v). This suggests high-
est eftective precipitation occurred at the beginning
of the interstadial. Following this peak, a cyclical
rend of cxpanding and contracting woodland and
serub communitics was overlain by an apparent gen-
cral decline in the representation of arboreal taxa.
This pattern is best illustrated by decrcasing repre-
sentation of Ewrcalyptus, with its possible replace-
ment by Melaleuca and the source of the
Casuarinacecae 23-27m palynomorph (potentially
Allocasuarina paludosa, A. pusilla or Casuarina
cristaia). In wrn, this implies the expansion of scmi-
arid communitics in responsc to decreasing effective
precipitation. Evidence for two extremely dry epi-
sodes (zones LW8 and LW6), separated by a return
to slightly wetter conditions (zone LW7), is provided
by marked decreases in arborcal taxa and the oceur-
rence of very low pollen coneentrations and barren
samples. These zones are dominated by Pollen As-
semblage I, suggesting the regional vegetation was
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composed of a mosaic of open Casuarinaceae wood-
land, serub, heath and steppe. Chenopodiaceae domi-
nated saline wetland communities possibly existed
in and around Lake Wangoom. The presence of Ter-
tiary taxa in this assemblage (ineluding the fern
spores) may indieate erosion from the erater rim un-
dera sparse vegetation ecover resulting from extremely
dry conditions. Support for this interpretation is pro-
vided by the high inorganic content and magnetic
suseeptibility in these samples (Fig. 4). Alternately,
the Tertiary taxa and ash material may actually have
been fallout from ncarby voleanie eruptions. One
potential souree is the Tower Hill eruption, which
now has a minimum age of 30 ka (Sherwood et al.
this volume). This is younger than the mean 50 ka
UTD age determined for sediments within zone LW7
(Harle et al. 2002), although it does fall within its
uncertainty range. High charcoal levels in zone LW6
may also have been derived from voleanie ash,
whether from the Wangoom erater or from external
sources. They may also indicate increased fire fre-
quency and/or intensity in the region.

Following the arid period of zone LWG6, cuca-
lypt-dominated woodland appears to have once again
expanded (zone LWS5), implying a rise in efTective
precipitation. The dominance of this zone by Pollen
Assemblage 3 suggests the regional vegetation con-
sisted predominantly of open grassland and scattered
stands of open cucalypt woodland with a grassy
understorey. Interestingly. the significantly reduced
values of Asteraceae B suggest the souree plant of
this palynomorph was no longer an important com-
ponent of the regional flora. Indeed, levels are simi-
lar to those recorded for the previous two
interglacials. The regional vegetation present during
this phase appears to have been remarkably differ-
ent to those of previous periods in the Lake Wangoom
record. A possible explanation for this is that climatic
conditions were unique in comparison to those expe-
rienced previously. However, other factors also
needed 10 be considered, in particular the potential
influence of fire. There is evidenee in the previous
zone (LWG6) for possibly inercased burning in the
region, which may have contributed to opening of
the regional vegetation. The charcoal evidence from
the LW84 core (Fig. 5), from which data for this sec-
tion was used, also indicates comparatively higher
charcoal levels during the zone LWS5 phase. Data from
both the LW84 and LW87 eores indicate that this
trend continued into the following phasc (zone LW4),
corresponding with evidence for an even more open
canopied regional vegetation (Pollen Assembiage 2).

129

The apparently close association of higher charcoal
proportions and the presence of more open plant com-
munities provides support for the argument that in-
ereased fire frequency and/or intensity had a signifi-
cant impaet on the regional vegewtion from around
50 ka to the end of the Last Glacial period.

The final phase in the Last Glacial period (zone
LW3) appears to have been extremcly dry, with very
low pollen concentrations-(some samples are barren)
implying the lake frequently dried up. It is difficult
to determine if this was the most arid period in the
record, given that Wangoom basin would have been
markedly shallower than during the Penultimate Gla-
etal due to over 20 m of sediment having been de-
posited in the intervening time. With a much smaller
lake capacity, the probability of the lake becoming
dry during the late Last Glaeial would have been
higher than during the Penultimate Glaeial, when the
lake reservoir would have been considerably greater.
General shallowing of the lake is supported by the
increasing abundance of aquaties through the record
indicating the expansion of swamp. The palyno- -
stratigraphy of zone LW3 suggests the regional flora
was dominated by open grassland/steppe and
herbficld, with scattered oceurrence of open semi-
arid woodland and scrub, dominated by
Casuarinaceae (Pollen Assemblages 2 and 3). Over-
all arboreal representation is extremely low, with
Eucalyptus being largely absent.

Zones LW2-1 (The Holocene). A radiocarbon age of
11,000£250 BP marks the commencement of a dra-
matic and apparently rapid expansion of trees in the
region, with a mosaic of dry sclerophyll forest, Eu-
calypras, Casuarinaceae and Cupressaceae (Callitris)
woodland and temperate grassland becoming estab-
lished (Pollen Assemblage 6). The latter most prob-
ably formed a significant component of the
understorey of woodland eommunities. Heath may
also have been important in the understoreys of for-
est and woodland communities, 1t also possibly grew
within the Wangoom erater and around the lake mar-
gins. This vegetation mosaie was widespread in the
region throughout the early to mid Holoeene (Zone
LW2ii). The drop in the ratio of charcoal to policn
concentration suggests a reduetion in the level of
butning in the region.

A shift in the dominanee of the regional vegeta-
tion oceurred around 4, 000 BP - eucalypt woodland
and open forest probably replacing that dominated
by the Casuarinaccae 23-27m species (either



130 K.J.HARLE, A.P. KERSHAW AND E. CLAY TON

Allocasuarina paludosa, A. pusilla or Casuarina
cristata) and possibly Melaleuca. Communities
dominated by the source of Casuarinaccac >28m
(probably A. verticillata) appear o have remained
important as does grassland. Unfortunatcly compara-
tive charcoal data is not availablc for the wholc of
this period, due to the use of samples from the LW84
core. Data that is available (Fig. 3) suggcsts fire was
not an important component of the landscape, al-
though little can be said about the period form ca
3,000 BP to the present.

Zone | contains clcar evidence of the impact of
European settlers on the regional vegetation with the
establishment of Pollen Assemblages 4 and 1.
Widescale clearance of forest and woodland for pas-
ture is evident in the sharp deerease in arboreal pol-
len percentages and corresponding increase in
Poaceae. The reduction in the number of pollen taxa
present is testament to the loss of native floristic di-
versity in the region and the appearance of Pinus,
Plantago lanceolata and Asteraceae Liguliflorae
(probably Taraxacum officinale and/or Hypochoeris
radicata) significs the spread of introduccd plants.
Low values of Cupressaceae pollen in this zonc may
be indicative of the presence of the introduced genus
Cupressus.

DISCUSSION

Multivariate analysis has proved extremely valuable
in the interprctation of the Lake Wangoom pollen
record. It has allowed the identification of pollecn
associations and assemblages, including communi-
ties like warm temperate rainforest, which would
perhaps otherwise have gonc unnoticed or their rcla-
tionships unrecognised. The identified taxon asso-
ciations for the most part make ecological sensc given
the present range of potential source plants. How-
ever, in a few cases the associations are somewhat
puzzling, particularly where they include taxa that
appear 1o be in ecological conflict. In these cases it
is likely that a mosaic of vegetation communities are
represented, with the common factor being a similar
response to climate change or that, due perhaps to
extinction at a specics level, associations have
changed through time. The region incorporates a
range of vegetation communities occurring along a
distinct climatic gradient from the coast inland. Cli-
mate change would result in diffcrent responscs
across this gradicnt. For cxample, an increase in ef-
fective rainfall would likely cause an expansion of

dry forest in central western Victoria paralleling cool
tempcrale rainforest expansion in the wetter areas
around the Otways. This would have been compli-
cated by the role of soils, with spatial diffcrenecs in
soil properties contributing significantly to floristic
and structural diversity of vcgetation communities
within climatic boundaries (Beadle 1981). A further
complication would be the response of vegetation
communitics within thc Wangoom crater, particularly
in association with the local hydrology. Scparating
local from regional pollen can at times be an impos-
sible task, particularly in the case of widely dispcrsed
pollen taxa.

In general, the modern analogue analysis sup-
ports the multivariate analysis. There is a good match
between the closest modern analogues and the
dryland pollen assemblages in many parts of the
record, with the highest degrees of correlation oc-
curring in dryland pollen assemblages 4, 5 and 6.
This is not surprising given that they consist of the
most rceent samples and henee are most likely to
contain vegetation akin to modern communities.
Where there is no clear match, the fossil pollen spce-
tra suggest the prescnce of communities no longer
cxtant in the study region. For example, the modern
analogucs for most of the samples in dryland pollen
asscmblage I are not particularly close due to the
significant proportion of Tertiary pollen they contain.
The modern analogues determined for samples in
dryland pollen assemblage 8, although much closer
and exhibiting the general trends apparent in this
assemblage, do not adequately reflect the high pro-
portion of Casuarinaceae, also suggesting that no
closc modern analoguc cxists.

Multivariate and modern analoguc techniques
proved valuable not only in determining the compo-
sition of vegetation mosaics growing in the region
through the record, but also in identifying repeated
occurrences of these mosaics throughout the se-
quence. From this it was possible to recognise both
cyclical as well as long term shifts in vegetation com-
munity and species composition in western Victoria
over the last 200.000 years. Major, broad-scale
changes in the regional vegetation were associated
with the cyclical climatic fluctuations driven by glo-
bal orbital forcing and most clearly reflected in inter-
glacial and glacial periods - the former being charac-
terised by the expansion of woodland and forest com-
munities and the latter by the regional dominance of
dry open steppe, herbficld and scrub communitics.
Superimposed on this is evidence for long term
changes in the regional vegetation, with a signifi-
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cant reduetion in rainforest taxa in the last 100,000
years and a trend 10 more open vegetation, This is
highlighted when a eomparison is made between the
composition of the forest and woodland eommuni-
ties in each of the three interglacials. Both the Pe-
nultimate and Last Interglacials are characterised by
a dominancc of forest communities (ineluding ele-
ments of temperate rainforest) and very restrieted
representation of grassland. In contrast, the regional
vegetation throughout the Holoeene was more open,
with grassland eommunities having greater signili-
eance and elosed forest communities being very lim-
ited in their extent. Rainforest and wet selerophyll
understorey taxa appear to have been particularly
reduced. Possible reasons for this apparent long term
shift towards morc open vegetation inelude: inereas-
ing aridity through the Quaternary: long term changes
in soil fertility, possibly associated with voleanic ae-
tivity; and anthropogenic impact.

Several lines of evidenee indieate a trend of in-
ereasing aridity from the Tertiary through the Qua-
ternary. Lacustrine records suggest lakes became
scasonally dry from the mid Mioeene (Bowler 1986;
Singh et al. 1983}, with the establishment of saline,
evaporative lakes (playa lakes) between 0.9 and 0.5
Ma (An et al. 1986; Bowler 1982; Bowler & Teller
1986; Chen & Barton 1991). The initiation of dune
formation has been dated to between 0.98 and 0.5
Ma (An et al. 1986; Bowler 1982; Chen & Barton
1991) whilst there is a marked rise in aeolian dust
content in cores from the Tasman Sea towards the
end of the Pleistocene (Hesse 1994). Evidenee for
vegetation change also appears 1o support the con-
eept of inereasing aridity, with pollcn records from
Australia demonstrating a shift from elosed-eanopied
rainforest to more open, selerophyll vegetation (eg.
Kershaw 1985; Longmore & Heijnis 1999; Singh &
Geissler 1985). This trend appears to have aceeler-
ated in the late Tertiary (Kershaw 1988: Kershaw et
al. 1994b; Martin 1989, 1990; McEwan-Mason 1991)
and continued through the Quaternary, culminating
in the reduetion and disappearance of rainforest from
many regions of Australia towards the ¢nd of the
Pleistoecne (Bohte & Kershaw 1999; Colhoun & van
de Ger 1998; Colhoun et al. 1977; Colhoun et al.
1982; D’Costa 1997; Kershaw 1976, 1985, 1993;
Kershaw ct al. 1993; Longmore 1997; Longmore &
Heijnis 1999). In southern Australia, evidence for
the loeal extinetion of rainforest taxa ineludes: the
presenee of Nothofagus cunninghamii {which no
longer exists on King Island) in the Egg Lagoon pol-
len reeord between 90 and 120 ka (D’Costa 1997);

the disappearance of rainforest taxa in the Lake
Terang record from western Vietoria after the last
major wet phase (D'Costa & Kershaw 1995); and
the disappearanee of rainforest taxa in the Lake
Wangoom reeord itself. However, maximum rainfor-
est expansion in the Wangoom reeord oceurred dur-
ing the Last Interglacial, not in the Penultimate Inter-
glacial as would be expeeted if a long term trend of
increasing aridity was the major cause of rainforest
extinction in the region. Furthermore, the represen-
tation of other kcy taxa in the sequenee do not ap-
pear to exhibit any long term trends. For example,
values of Casuarinaeeae are highest in the Penulti-
mate Interglaeial and the lolocenc whilst Encalyp-
tus has greatest representation in the Last Intergla-
cial. Indeed, the evidenee suggests that of the threc
interglaeials represented in the Lake Wangoom
record, the Last Interglacial was the wettest, with
the greatest and most sustained expansion of wet
forest communities, including wet sclerophyll and
temperate rainforest.

Fire has also been invoked as a major faetor in -
the expansion of selerophyll taxa and demise of rain-
forest communities, with many reeords exhibiting a
corresponding inerease in ehareoal eontent (Kershaw
2002). To what extent this inerease in lire was a re-
sult of inercasing aridity or by the arrival of people
on the eontinent is the subjeet of mueh debate. In the
Lake Wangoom reeord, evidenee for inereased burn-
ing in the region between 50 ka and 23 ka is assoei-
ated with the opening up of the regional vegetation,
in particular the expansion of grassland and open
woodland communities. The implication is that fire
was the eause of this vegetation change. What dis-
tinguishes this phase from previous episodes of in-
creased fire in the reeord, is the higher ehareoal/pol-
len ration, suggcesting morc extensive and/or more
frequent burning, coupled with the significant loss
of woody taxa. Nonc of the pre-Last Glaeial phases
of inereased burning appear to be assoeiated with
comparable shifis in rcgional vegetation eomposition.
A chareoal peak carly in the Last Interglacial (zone
LW 12ii) oceurs when cuealypt forest was widespread
in the region, with no significant vegetation ehanges
belore or afler. A less pronounced but more sustained
phase of burning during the Penultimatc Glaeial ap-
pears to be assoeiated with an expansion of more
open vegetation at the expense of woodland and for-
est eommunities. However, there was not the same
degree of loss of woody taxa as evident during the
Last Glaeial burning phase. Furthermore, the level
of burning appears to have been less during the Pe-
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nultimate Glacial, despite the greater abundance of
woody taxa and with it higher available fuel loads.
The elevated levels of burning during both glacial
phases may havc been a natural responsc to the on-
set of more arid conditions. Fire frequency is known
to increase as precipitation decreases, due to the dry-
ing out of fuel sources and subsequent inereased flam-
mability (Ashton 1993). Certainly, the rise in char-
coal concentration during the Penultimate Glacial
post-datcs the shift in vegetation, suggesting dricr
conditions promoted the apparent increase in fire
around this time. Unfortunately the lack of a compa-
rable charcoal record for zone LWS5 prevents a simi-
lar assessment of the relationship between timing of
fire and vegetation change during the Last Glacial
burning phase. The apparent differences in burning
levels betwecen the two glacials cannot be explained
by drier conditions, particularly when charcoal lev-
els remained high during the Last Glacial for some
time after the vegcetation beeame very open and fuel
availability would have been reduced. An alterna-
tive explanation for increased burning is that in-
creased volcanic activity in the latter part of the Last
Glacial was responsihle, with ignition by eruptions
and lava flows sweeping across an already dry land-
scape. Certainly, elevated magnctic susceptibility
levels (although not as high as in zones LWS and
LW6) could point to an increased component of vol-
canic ash being deposited in Lake Wangoom. Erup-
tions in the region are dated as occurring during this
period, including Towcr Hill (Sherwood et al. this
volume). However, such eruptions were relatively
infrequent relative to climate variation and succes-
sional adjustment to vegetation, They were also spa-
tially scattered, making a substantial impact on the
regional vegetation unlikely. Another potential cause
is the anthropogenic use of firc. It has been argued
(Flood 1995; Jones 1969, 1975:; Nicholson 1993;
Tindale 1959) that Aborigines frequently used fire
to aid hunting, promote the growth and regencration
of ecenomically useful plants and to extend the range
of more open vegetation rich in both faunal and plant
food reserves. Increased levels of burning during the
Last Glacial, therefore, may have been the result of
the implementation of ‘fire stick farming” practises
by Aboriginal people. This explanation has been in-
voked for other records where there is evidence of
major shifts in vegetation coineiding with inercases
in charcoal coneentration (eg. Singh and Geissler,
1985; Kershaw, 1976, 1986; Moss and Kershaw,
2000). Clearly, more refined dating of the burning
increasc in relation to proven evidence for the tim-

ing of Aboriginal presence on the continent is needed
before a firmer link can be demonstrated. Whatever
the cause, it is probable that the sustained incidence
of firc in the region during the last Glacial contrib-
uted to the disappearance of temperate rainforest
communities from much of western Victoria and its
current limited distribution to sheltered loeations in
the Otway Ranges.

CONCLUSIONS

Together, the use of multivariate and modern ana-
logue techniques have allowed an objective and com-
prehensive reconstruction of vegetation change over
the last 200,000 years in western Vicetoria from the
Lake Wangoom pollen record. Application of a cor-
relation coefiicient analysis to the oceurrence of pol-
len taxa throughout the sequence enhanced the ree-
ognition of community types represented, with eleven
pollen associations being identified. Amongst these
is an association including clements of warm tem-
perate rainforest, which does not currently grow in
the region and which has not been identified in other
late Quaternary rceords from the arca. Several taxa
included in this association have a broad ccological
range (eg. Gyrostemonaceae) and without the statis-
tical analysis, would not necessarily have been sus-
pected as being part of a rainforest complex. The use
of a stratigraphically unconstrained dissimilarity co-
eflicient technique to compare each pair of pollen
spectra in the sequence cnabled thirtcen key pollen
assemblages 10 be identified. Each of these assem-
blages consists of a unique combination of pollen
associations and represents a mosaic of vegetation
types present in the region at the time of sediment
deposition. In general, these reconstructions are sup-
ported by modern analogue analysis carricd out on
cach of the pollen asscmblages. However, in some
cascs the match between the modern analogues and
the reconstructions was poor, implying the presence
of vegetation communities and/or species no longer
extant in the region. An extreme situation occurrcd
with Tertiary taxa during dry phases in the Last Gla-
cial, most likely indicating erosion of Tertiary mate-
rial from the Wangoom crater, as well as the occur-
rencee of Casuarinaceae dominated assemblages dur-
ing the Penultimate Interglacial which appear to have
no modern equivalents in the region. Not unexpect-
cdly, the closcst corrclation between the modern and
fossil speetra occurred towar the top of the record.

The statistical analyses also improved the recog-
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nition of repetition of vegetation mosaies through
time. From this it was possible to identify not only
vegetation change associated with interglacial-gla-
cial climatie cycles, but also Nuctuations within inter-
glacial and glacial periods. Broadly speaking,
interglacials were characterised by an expansion of
forest communities; glacial periods by the dominance
of open semi-arid to arid grassland, herbfield and
scrub; and interstadials by the expansion of wood-
land, grassland and some dry sclerophyll forest. This
cyclical pattern appears to have been overlain by a
long-term trend towards more open vegetation, with
a reduced presence of woody understorey taxa and
increased dominance of grassland during the Last
Glacial and Holocene periods. There also appears to
have been an accompanying demise in the represen-
tation of rainforest taxa in the region. Inereasing arid-
ity through the Quatcrnary provides one possible
explanation, which is supported by other evidence
from the region. However, this is not supported by
the cvidence for variation between the interglacials
in the Lake Wangoom sequence, with the Last Inter-
glacial exhibiting greatest expansion of rainforest and
wet sclerophyll taxa and therefore likely to have had
highest effective precipitation.

Fire provides an alternative or additional expla-
nation for the opening up of the regional vegctation
during the last ca 50 kyrs. Higher relative charcoal
concentrations are associated with this apparent shift
in vegctation, suggesting that either increased fire
frcquency and/or intensity during the late Last Gla-
cial and Holocene periods was a major contributing
factor. Such a change in fire regime may have been
the result of the use of fire by Aborigines, possibly
enhanced by increased voleanic activity.
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